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. Introduction The ATLS

¢ KA& Llzo f A O WhiElous fadiseisinit tisk dis§eSsRentifor soft stimulatiénsr@gponds

to the Deliverable 3.2f the European Destresproject. This comprehensive report is done on the
framework of the WP3 dealing withRiskY | v 3SYSy i 62N] Ff 2648 TFT2NJ RSSLJ
involved the scientific staff from ETBwitzerlandland TNO (The Netherlands).

In recent years, seismicity inded by industrial operations has become an important topic of public
interest. In many cases, earthquakes occurring in the vicinity of industrial facilities carrying
underground operations were felt by the population, caused damages to private buildings,
increased the public concern about the development of these industrial acti{iilssvorth 2013)The
increasing number of reported cases of such " maade " earthquakes and their strong socio
economic impact has raised intense public debates amdirtterest of the norscientific community

on this topic(Grigoli et al. 2017Buch activities include water impoundment, mining, fluid subsurface
resulting from operations related to hydrocarbon extraction, hydraulic fracturing for shale gas
exploitation wastewater injection, hydrocarbon storage operations, CO2 geological sequestration and
hydraulic simulation of geothermal fieldsThe stress perturbations produced by underground
industrial activities, when proximal to seismogenic structures, might ggaecarthquakes. Fluid
injection and consequent pore pressure alteration may also create new fractures and/or alter the
frictional condition on existing faults, triggering new failures. The term " induced seismicity " generally
refers to anthropogenic sgnic events in a wide sensepwever several studies (e.lylcGarrand
Simpsonl 997, Shapiro et a010,Dahmet al. 2013tendtomals |  Of SI NJ RAAGAYy Ol A2y
induced and triggered seismicity. In the first case, induced seismic events are entirely controlled by
stress changes caused by human operations and the whole rupture process, including its size, is driven
by this stresgDahm et al. 2013)n triggered sismicity the tectonic stress plays a primary role, while

the human activity contributes only for a small fraction of the stress change. However, when close to
tectonic faults, such (even small) stress changes can cause a loaded fault to fail. In thisicese
operations are the trigger for an earthquake that would have occurred naturally in any case, but likely
at a later time(Dahm et al. 2013)Furthermore, since these operations act only to accelerate the
process of tectonic stress release, the magpés of such earthquakes can be large, depending on the
amount of elastic strain energy accumulated on the fault due to tectonic loading and the fault
dimensions. In this sense, a large earthquake could be triggered by minor induced stress changes, if
the fault is prone to ruptureln this report we will use the term induced seismicity with is general
meaning, as synonym of the anthropogenic seismicity.

The problem of induced seismicity is particularly important for the future developroérdeep
geothermal energy in Europe whictespite his huge poential, itis still a small fraction of the total

energy produced from renewable sourc@ne of the main obstactdo this developmenis that the

high fluid pressures and the large fluid volumesdtge during hydraulic stimulation operations may,
induceor triggerseismic events that can be felt by the population, reducirghblic acceptance of

deep geothermal energy exploitation projecksduced seismicity is thus an unwanted product of such
industrial operations but, at the same time, induced earthquakes are also a required mechanism to
increase the permeability of rocks, enhancing reservoir performarkmsthese reasons iurbanized

areas deep geothermal resources can only be exploiteeiptbblem of controlling induced semcity

is adequately addressedhe falure of recent projectssuch as Basel (2006witzerlang], St Gallen

(2013, Switzerlandand Pohang (2017, South Kor&@ghlighted that existing tools for seismic hazard
management in hydrocarbon and geothermal reservoirs (th©dof £ SR a ¢ NI FFAed., [ A K
Bommer et al., 2006; Haering et al., 2009; Bosman et al., 2016) are not sufficient to warrant the safe

of such industrial perations. TLSs are based on or sevdgtision variables, typically three main
observables: 1) public response, 2) observed local magnitude and 3) peak ground velocity and
acceleration. In a foustage action plan, the injection @itiids would either be 1) continued as planned
GINBSYOT HO O2yUGAYydzZSR o0dzi y23G AYyONBIlI aSR 207F&f f 2 6 ¢
initiated (red). So far, TLSs do not take in consideration the full range of possible scenarios and the
uncertainty of the process. Asély have no capability to forecatste seismicity produced by a specific
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injection protocol, they resulted ineffective in preventing felt induced earthquakes that led to the
definitive closure of several projects around the ngo Hence, to mitigate the overall risk more
advanced tools and workflows are required.

In this context, ae of the main aims of DESTRIESS provide operators with a reliable decision tool
to estimate the risk of induced seismicity following reseragierations. Such tools are referred to as
Adaptive Traffic Lig Systems (ATL8)d were spearheaded in the EC project GEISER

ATLS are decision support tools that are fully probabilistic,-daten (in the sense that microseismic
date are integrated imeakttime to update geomechanical and seismicity forecasting models) and risk
based (integrating hazard, expasuand vulnerability)The technical diagram describing the workflow
of the ATLS is showsHkigurel.

Adaptive Traf pLight Systems

Sésmic | | Real-Time Real Time
Monitoring Data Performance
Assssnernt
B Sdsmicity Synthetc
Hygl‘;tajahc »| Forecas Sesmic
| Models Cataogue
Geophysical > Geomectenical|
§ Imagng Data
E— Ground v
o Motion
2 Prediction Probabilistic
Equetions Sésmic
Hazard
o Emgrica Calculator
Control Green Dedsion
Functions
2 v Module

Risk
Calculator

!

Scenrio
Calculator

Building
Inventory

Figurel: Schematic representaticshowing the workflow of the ATLS.

They are designed to overcome the limitations of the traditional heuristic methods. Here, the
assignment of anagnitude threshold is based on a quantitative risk assessment, subject to a safety
criterion imposed by the authorities (e.g., fixed probabilities of unaccepted nuisance, damage or
fatalities). As a consequence, the ATLS is an objective and statistibakly mitigation strategy, which
facilitates a fair and transparent regulatory process. This approach is in line with the procedures
common for most other technological risks, such as in the hydropower, nuclear or chemical industries.
Model-based forecashg and alerting are already advocated elsewhere, such as in hurricane data
assimilation and forecastinATLS are fully probabilistic, dadaven (in the sense that new data is
integrated on the fly to update geomechanical and seismicity forecasting models) atdsistt tools

that integrate all relevant information, such as hazard, exposure, and vulngraijithe structures

close the industrial sitedn the next section we will describe in meodetail the characteristics of
Advanced Traffic Liglystems, which consigtsits simplest fornmof two main components:

9 Induced Seismicity Monitoring Tool
I Seisnicity Forecastirg and Risk Aalysis Tool
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[I. Induced Seismicitylonitoring Tool

One of the major challenge IATLS concept is the ability to detect and locate me&adhquakes
reliable, accurately and in a highly automated way, down to the smallest possible magnitude. We also
need to determine source parameters (magnitudes, stress drops, focal mechanism)contept of

the EU project DESTRE Sveevaluated thecapability of Distributed Acousting Sensing (DAS) systems
in monitoring microseismicity andleveloped an improved workflow for highly automated
seismological da processingfully integrated into the pen-source software framework SEISCOMP3.
The goal of these developmentgdsgreatly improvehe basédine seismological data that is the input

for reakttime seismicity forecastingnd risk assessment.

Microseismic Monitoringhfrastructures

Microseismianonitoring is the fundamental tool used by decision makers to decide, whether to stop,
decrease or continue the industrial operations being monitored. High density microseismic monitoring
networks allow the detection of weak events (generally below magleitQ), even in presence of
strong noise contamiation. For this reason, a higfuality monitoring network should be combined
with noise robust, realime and fully automated data analysis procedures, which are required to
handle large dataset&esca and@oli 2015)

To ensure an optimal monitoring of induced seismicity two main conditions should be satistieel: 1)
use of high qualitynicroseismic monitoring netwosbased on leading edge technologesd 2) the
use of sophisticated near retime dataanalysis procedures.

DAS monitoring systems are recognized as serious alternative for traditional seismitoring
systems and their capabilities for monitoring of microseismic events have been demonstrated recently.
DAS has the main advantages that it can acquire reliable data, with a high-tgpagioral resolution

at a relatively loncost. Moreover, recenstudies have shown that prexisting telecom cables can be
potentially used to record seismicity further favoring this technique as aclast alternative for
conventional (micro)seismic monitoring systems (Lindsey et al., 2017; Jousset et al. N2@i8)cal
simulations can help to test the capability of using DAS fiptec sensing for (micredeismic
monitoring. Based on outcomes from literature concerning DAS studies, representative operational
parameters, such as geometry and sigimahoise ratioscan be adopted into simulations.

In general, the completeness of earthquake catalogue data relies on the availability of reliable
monitoring data, such that relevant earthquake characteristics can be determined accurately. Various
literature sources prade monitoring recommendations specifically for geothermal sites (Baisch et al.,
2016; Bohnhoff et al., 2018; Kraaijpoel et al., 2013; Majer et al., 2012), where a minimum detection
level for PGV at the surface of 2*B50m/s is recommended. For a represative geothermal site this
roughly corresponds to an M~0 earthquake, whereby actual detected signal strength is also
determined by elastic medium properties and seismic survey geometry. Maximum noise amplitudes
on the order of 2*166 m/s in the range BIOHz are recommendkby Kraaijpoel et al. (2013 ecently
various studies demonstrate the added value of using distributed acoustic sensing systems (DAS)
within seismic monitoring networks (Mestayer et al., 2012; Mateeva et al., 2014). The signal obtained
from such systems is a distributed measurement over a length of cable defined as the gauge length
(seeFigure?2). Using optical interferometry, strain within the fibrermseasured down to micrometer

level and up to 1000 Hz. The gauge length, approximately corresponding with spatiatsmosding
interval in conventional point sensor recording, is in the order-d0Ineter. A total fibre optic length

of 10 km is availablfor recording and thus up to- #0000 channels can be effectively used. Recording
bandwidth is 1 1000 Hz which is considered broadband in seismic acquisition. Currently, quite some
conventional seismic acquisition systems exist with similar specs, hatt rgally sets DAS apart is
where and when it can record. The measuring string of DAS is merely a fibre optic cable, whereas
conventional geophone systems have bulky sensors, cables and boxes. WiFi solugidng axeé not
suitable around metal casindlost important: DAS fibres can access locations and under conditions
that are out of reach for conventional geophones. A DAS fibre can be mounted outside the casing, in
the cement or even outside the cement for direct contact with the reservoir. The ¢dmmewithstand
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high overpressures and temperatures, up to 100 bar and 250° C. These systems could provide
additional information within a network of standardized seismometers. An important aspect of DAS
systems is whether they meet the requirements necegda feed a traffic light system with reliable
seismicity information. The sensitivity of DAS systems should be sufficient to reach desired or required
minimum magnitude and PGV values as well as acceptable even location accuracies.

In the work presentethere, we approximate synthetic noise levels by adopting typical DAS noise levels
from literature in which earthquake events were analyzed within real DAS data (Lumens, 2014; Lindsey
et al., 2017). These noise levels can be considered as the bulk effeetfolir categories of transfer
functions. Note however that these noise levels are of course site specific and dependent on the
geology, well design, design of the DAS cable and type of interrogator. Lindsey et al. (2017) compared
the earthquake responsef a DAS cable buried in a shallow trench to a seismometer recording in
Central Alaska for an M3.8 event. Lumens (2014) considers DAS noise levels in Oman for weak
earthquakes on the order of M~0.

T

1. Light pulse 3. Light pulse perturbed by

interrogates acoustic signal is

fiber backscattered
4

4

<— DAS cable

1200, (full well coverage)

2. Acoustic signal
deforms fiber

—_—NW

1800.]

Depth[m]

2400,/

Geophones

¢ (limited coverage)

3600

Figure2: Schematic presentation of VSP recording with DAS (from Mateeva et al., 2014).

In our simulation & considered a site in the Netherlands where geothermal operations are planned,
situated near Utrecht. Here the Rotliegend sandstone is the anticipated réseawd situated at
approximately 1750 m depth. Velocity information from a sonic log in the vicinity of the anticipated
geothermal site, was used to construct awBve velocity model (well 1 obtained from
www.dinoloket.nl). Svave velocity models werestimated from Castagna relatiships (Castagna et

al., 1985)The seismic wave propagation modelling package SPECFEM2D was used to conduct forward
simulations (Komatitsch and Tromp, 1999; Tromp et al. 2008). SPECFEM, of which SPECFEM2D forms
a module, rdes on the spectral element method and is an efficient package for calculating elastic
simulations, thereby accommodating complex velocity structures. The geometry of the SPECFEM
model used here is shown Figure3. Several simulations were conducted to address the effect of
attenuation and of different noise conditions on DAS data.
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Well with DAS

cable ﬁ

Rotliegend m) 3 km

3 km

Figure3: Geometry of the SPECFEM2D model.

Simulations of elastic wave propagation were conducted resulting in synthetic ground motion
recordings along the synthetic DAS line. As a first order approximation we address the DAS directivity
by only considering the vertical component of the simulatathgsince the DAS response is maximum
parallel to the fibre direction, which is vertical in our caBmgure4 shows snapshots of the vertical
velocity component of the awvefield for 6 successive times. Synthetic DAS receiver panels calculated
during the simulation are shown Figureb, that include attenuation prescribed by the qualigctor

(Q), where we perturbed the synthetics with gaussian distributed noise. Here the SNR is calculated on
the full time window of the synthetic waveform and defined by:

YO —mm— (1)

Figureba shows the vertical component receiver gather that is unperturbed with noise, whEigaie
5b and c respectively have SNR levels of 10 and 2. The increasing perturbation of the signal with noise
illustrates how the signal will eventually be masked by the background noise level.

In Figure6a, a comparison is made for the peak differential displacement calculated over 10 m gauge
lengths. The result is compared against the noise floor observed for DAS recordings by Lumens (2014).
This shows that for the considered sitated earthquake within the elastic medium we prescribed the
synthetic displacements exceed the DAS noise level by far, thus having a sufficiently higlg&e€R.

6b shows the comparison of peak differential displacement versus depth with a comparison to the
lower detection threshold recommended for traffic light systems (Kraaijpoel et al., 2013). This sho
that for the entire depth range the DAS response is sufficient to detect the considered simulated event,
as it falls above the noise levefigure 6 also shows signifemt variations in depth of peak
displacement and velocity values, due to partial transmission and reflection of the propagating
wavefield at elastic contrasts and the effect of the angle of incidence; note that we only consider the
vertical component hereThe noise conditions will be further addressed more carefully based on
literature to address whether the performance of DAS is expected to be sufficient for detection of
weak seismic events.
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Vertical velocity field

Os 0.2s 04s

Rotliegend —

3 km

3 km

Figure4: Snapshots of elastic wapeopagation of vertical particle velocity field.

a) Vel. z-comp. b) DAS, Vel. z-comp., SNR=10 ©) DAS, Vel. z-comp., SNR=2

N
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Figureh: Synthetic vertical component data for various noise conditions with attenuation (Q=50). A) No
noise. B) Gaussian distributed noise with SNR=10. C) Gaussian distritagt@dthc(SNR=2. Note in this

figure a vertical trace spacing of 40 m was used to improve visibility, although the actual synthetic trace
spacing was 2 m.
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Figure6: a) Peak differential displacement (PDD, black) calculated over 10 m gauge length versus depth
for the simulated data shown Figureda. The DAS noise floor from Lume®ld) in red, is-3 orders

of magnitude below the peak differential displacement for the entire depth range for the considered
simulated earthquake event. a) Peak differential velocity (PDV, black) for 10 m gauge length together
with lower detection threlsold limit recommended for traffic light systems (red, Kraaijpoel et al., 2013).
The peak differential velocity falls above the detection threshold for the entire depth range.

Within the project DESTRESS prepared and tested a modeling approachdionulate the DAS
response with SPECFEM2D. The approach is ready for use in more realistic scenariose Eaine on
consider various sitgpecific conditions determined by well design, DAS cable design, type of
interrogator and local geology. Based on iditesults we expect that DAS can be suited to feed traffic
light systems in the neduture, given the ongoing improvements in placement and performance of
these systems. To reach sufficient spatial coverage to monitor a geothermal reservoir, it iékely
additional surface seismometers are required in addition to a DAS cable deployed along the well. This
will be required to allow localization of seismic events with sufficient accuracy, especially further away
from the well. Alternatively, a DAS caloleuld be deployed in a neaurface trench.

The desired performance on detection and location of an induced seismicity monitoring infrastructure
is strongly dependenbn the type of application ¢ltnevyte and Wiemer 2017and should be
designed in synergwith a risk assessment and site characterization phase, for thebewstfit
optimization. The accuracy of the location performance is important to understand ongoing seismic
processes (e.g., to map the spat@mporal evolution of the seismicity which wd reflect fluid
migrations)(Ogwari et al. 201,@)ut also is a fundamental information to discriminate betweerunait

and induced seismicity (Dahm et al. 201BJowever, also in this case, the desirable location
uncertainty remains intrinsically linkeid the type of operations and potential hazard. Since the
location performance is not only controlled by the geometry and technology of the monitoring
infrastructure, but also on the adopted methodology for location and on the available velocity model,
tests with synthetic simulation and real data remain the best practice to assess the location
performance of the network (Kinnaert et al. 201&pcation uncertainties can be reduced by using
dense networks with at least one station (better if deployed inoaehole) directly above or within

few kilometers from the potential source of seismicity (e.g. injection well).

In order to efficiently monitor induced microseismicity, well designed monitoring networks using
leading edge technologies needlie combined with advanced data analysis methals.thus need
efficient reattime earthquake detectors, high precision locations and reliable source parameters (e.qg.
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magnitude and, if possible, source mechanisrBsnce microseismic events are often cleéesized by

low signaifto-noise ratio, obtaining reliable source paratees is still challenging (Cesca and Grigoli
2015) In addition, microseismic networks generally record a large number of weak earthquakes
(magnitude completeness of these networksdnmonly Mc<=0.0), and quick analysis of such huge
datasets is hardly achieved through manual data analysis procedures. Thus, robust automated data
analysis procedures should be established.
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Figure7: Summary of detection resultsr the first hour of the Mw 3.3 St. Gallen Seismic Sequence. (a)
Cumulative plot showing the number of events detected by each method as a function of magnitude.
(b) Total number of detected events. Each colour represents a different detection metwods¢igoli

et al. 2018)

Modern methods can be used as robust and fully automated procedures for microseismic data
analysis, which can lead to more reliable results than standapdoaches Among these approaches,
detection methods based on waveform terapg matching have been extensively applied to induced
seismidy datasets (Skoumal et al. 2015, Yoon et al. 200f)hin DESTRESS we developed new
seismological analysis techniques ame applied them to the StGalleninduced seismicitgequence
(Grigoli et al 2018). Finallwe compared the result&ith those obtained by using standard analysis
techniques As illustrated inFigure7 waveform templatematching allows successful detection of a
large number of hidden events which often are buried by noise and lead to a dramatic increase of the
catalog completeness, highlighting more detailed relationships in the sffaeemagnitude domain
between the seimicity and idustrial activities (Skoumal et al. 2015, Bao and Eaton ,28dbel et

al. 2016. However these approaches need a highality reference cataloguehich need to be
obtained with other techniquedAlso in this caseaw detection and locatiotechniques oveiperform

the standard seismological ayais techniques. Theigure7 showsin factthat standard approaches
only detect 8% of the totaleismic events.

It isalsoimportant to point out that the performance of absolute location methods strongly depends
on the quality of the available velocity model. When dealing with poor velocity models location
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accuracy can be strongly reduced, affecting the outputudahker geological and geophysical analysis
(e.g. estimation of source mechiam, event magnitude, etc.) (Grigoli et al 201&p reduce the
dependence on the velocity model and obtain more accurate results, relative location methods are
thus required. Mostof these methods rely on differential travel times for pairs of earthquakes
observed at common stations (Waldhauser and Ellsworth 20@@th can be computed automatita
using crosgorrelation (Schaff and Waldauser 200B)fferential times can be nosomputed in a fast
and efficient way, allowing to obtain double differenceations in reatime (Waldhauser and Schaff
2008) The Realime DoubleDifference analysis has been successfully applied to the northern
California seismicity, including induceskismicity recorded at # Geyser geothermal field
(Waldhauser 2009(http://ddrt.Ideo.columbia.edu).Within DESTRESS we developed a new -open
source Seiscomp3 module that performs relative seismic event location using the Muffblence
approach irreaktime (scRTDD)

Robust magnitude estimation ialsoimportant and should be performed in any induced seismicity
monitoring operation. The quality of the magnitude estimati@s for the location, willepend also

on the monitoring setupln this perspetive, the presence of one or more broadband seismometer
remains fundamental to cover low frequency (i.e. less than 1spidtra ando better constrain the
magnitude of larger events, which can, in combination with a short period seismic network, be used
to calibrate magnitudes of smaller earthquakes. Given the multiple magnitude types and estimation
techniques, transparent procedures to estimate the magnitude should be provided. The magnitude
determination is not a trivial process, and important diffeces have been detected among different
catalogs réated to induced seismicity (Edwards and Douglas 20djeover, induced seismicity often
occurs in low seismicity region, where robust attenuation cum@snotbe easily calibrated. Weak
induced eventsife. generally with magnitude less than 1) may be recorded only locally and the
adoption of regional attenuation laws may bias the magnitude estimation. The problem has been
recently illustrated for the Blackpool (UKhduced seismicity case by (Boer et al. 2016) who
depicted large, critical discrepancies between magnitudes calculated usinglistzaice stations (Ml

2.3) and those based on records from the regional network (Ml 1.2). This has obvious significant
implications for the regulation of thask of induced seismicity, which is often managed on the base of
traffic light schemes, depending on the estimated magnitude. The radiation pattern of earthquakes
can affect magnitudes, e.g. if the monitoring network has large azimuthal gaps. Therkfibre,
waveform modeling technigues to characterize the seismic source processes are useful to investigate
the geometry of active faults, to detect tensile failures or to investigate stress drops. These techniques
also benefit from the availability of broadhd records, possibly covering the source radiation patterns
from different azimuthgGrigoli et al. 2017)

Finally, it is worth to highlight that a good microseismic network is a necessary, but not sufficient
condition to successfully monitor induced suisity. Although several advanced and reliable analysis
methods are currently available, in routine monitoring operations most of the processing is done using
standard approaches which often do not lead to reliable results when dealing with noisy dateor w
the velocity model is poorly known. In many cases, in fact, routinely monitoring operations are
performed by using techniques not specifically designed for this type of applications, thus they may
not fully exploit the performance of the monitoring maktructure.Within DESTRESS have shown

that the combination of optimal network infrastructures with sophisticate data analysis techniques
lead to better seismic catalogues which are main input for current ATLS systeomg)ly helpng in

the decisimal processduring crises.
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lll. Seismicity Forecasting aRisk Angkis Tool
Planning phase, preliminary hazard and risk analysis

A seismic risk assessment is generally requested by authorities befies groject can be accepted.
An example of a risk repoftr a Swiss DGE project can be found online:

Synthése des études relatives a la sismicité induite, Projet pilote de géothermie profondeSdanés

Here we will presentmexample workflow for the site of Haut®orne. Note that that analysis here is

an example with realistic but somewhat arbitrary assumptions, intended to illustrate the principle
workflow and sensitivities. It is not identical to the official risk assessmenducted by the operator

and judged by the cantonal authorities, and it is not an official assessment of the Swiss Seismological
Service.

T A project can often start with a precreening as suggested Byutnevyte and Wiemer (2017). A risk
assessmenincludes a regional study of the tectonics, natural seismicity, and built environment. It
describes the injection protocol and how induced seismicity would be evaluated (by seismic monitoring
- see previous section about monitoringnd mitigated (classitLS with magnitude threshold or
vibration threshold following various normsee next section for an alternatiye/arious risk scenarios
(deterministic and probabilistic) are described (see also Mignan et al.,&til the HauteSorne case
below). The pasibility of a large earthquake (above the McGarr limit) is also investigated by fault
mapping (cartography, geomorphology, seismic reflection) and physical modelling (by using standard
approaches such as stress transfer computations). Distinction is oftete between the following
phases: planning, drilling/logging/testing, stimulation, operation, and jop&ration. For a proposed
detailed structure of the risk report (introduction and context, project description, hazard and risk
assessment, proposed mitoring and mitigation strategies, summary and recommendations), see SED
(2017).

In the planning phaseye advisea preliminary probabilistic inducedeismic hazard and risinalyss.

It is important to remark thatn this phase thegoal is to determine #irst-order earthquakeinduced
hazard andits propagation to therisk assessmentAs such, lte immediate aimis to provide a
preliminary baseline for operators and stakeholders for a coherent decision makimgnunication
and mitigation actionsTherefoe, the preliminaryassessment isuitable forthe planningphase and
on the long term,updates and revisons are expectedfter interactions withthe operators and
stakeholders.

In a probabilistic settingthe study should followthe standard definition of the seismic risk as the
convolution of three components: hazard, vulnerability, and expodecan summarize the analysis
in the following key points:

1 Definitionand selectiorof the source®f epistemic and aleatoryariability

7 Definition and selection of the earthquake source and rate models

1 Selectiorof the reference intensity measure and selection and/or definitiogreund motions
predictive equation§GMPEsand the intensitypredictive equationgIPES)

9 Definition and selection of vulnerability function and related consequence models based on
the exposure asset of the region

9 Organization of the selected different models into a logic tree structure

The output of the analysis a preliminaryprobabilisticallycharacterization of thepotential financial
losses for each settlement of interest, and/or aggregate for the entire built portfioliaddition, when
variability of theoutput is large, we recommenasensitivity analysiso determinethe contribution of
each parameter to the variability of the estimated finand@dses.The detailed analysis should be
organized as followshe first partpresents the inputlatasets anadnodekand the logic treestructure,
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the second part showsdetails of model implementations, and er-end calculation of the fluid
induced seismibazardto risk; the third sectionoptional)presents a sensitivity analysis to understand
the driving variables defining the seismic rigk.this documentwe report genegal suggestions for
implementation details. However, deviations from what we report are possible and, sometimes,
recommendable if a more detailed solutions are available.

PreliminarySeismidHazard analysis

For a preliminary assessmente suggest to uséhe classicaProbabilistic Seismic Hazard Analysis
(PSHA)Cornell, 1968; McGuire, 1998dapted to account fothe time variant rate of seismicity
(typical of induced seismicity)rhere are two key elements in PSHA) the definition and the
probabilistic characterization of theseismogenicsource model, and(b) the ground motion
characteristic model describing the expected ground shaking given the occurrence of an earthquake.
The first provides the spatial and the tenmpb forecast of the earthquake ruptures, whereas the
secondlinks the earthquake rupture with the expected ground shaking at the site of intdkéatthe
GMPESs) The outputs of PSHA areither rate of exceedance ohazard curves (probability of
exceedancdor a given period of time) of a selected growstthkingntensity Measureype (‘O{), such

as peak ground acceleration (PGA), velocity (PGV), spectral acceleration (SA) and/or macroseismic
intensity.

To include also the epistemic uncertaintigd/en the alternative interpretation of data, assumptions
and decisions (i.eselection of the appropriate physical and statistical mopallegic treestructure

with weighted branches (representing the belief of a given maaet be definedFigure8 showsan
example of aschematidogic tree The first level of the logic tregescribeghe uncertainty related to

the selection of theate model, while the second level on the uncertainty relate®to , the third

level the GMPE&GMICE level, the fourth level the vulnerability models, the final level the cost
functions. This scheme has been adopted in Mignan et al. 2015 and Broccaado 2619 (in
preparation).

y, o A2 2
4y S~ S < T =
v N N S~
— NN
AN A\ N\

Figure8: Logic tree scheme for agliminary hazard and risk analysi

In a preliminary investigatiorit is acceptableto assume that the induced earthquakaucleateand
eventually extendn the proximity of the injection point. Consequently, a point source located at the
coordinates of the injection poirtan beadopted as the unique source modelowever, thismplicitly
excluesany geometrical uncertaintyn the hypocenter location

A characteristic that differentiates fluithduced seismicity from natural seismicity is the tiaariant
rate of seismic events. In fact, it has been shown by several st(Migsan et al., 2017; Broccardo et
al., 2017Ellsworth 2013;Langenbruclet al, 2011; Shapiro and Dinske, 2008t thisis relatedto

the rate of the injected fluidConsequentlywhile a homogeneous Poisson Procissappropriate for
natural seismicity (which is characterized by constmgerate _ ), fluidinduced seismicitygenerally
(with some exceptionsjollows a NoAHomogeneous Poisson Process (NHPP) with a givervarnmant
rate_ 0 . The true rate_ 0 is not known a priori, and it can be estimated either with a computational
model, or with an empirical relationship (or botigpecifically, weecommencdthe relationship_ 0
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the

magnitude of completenesd his empirical linear relationship between number of earthquakes and
volume injected is well accepted in the seismological community (Dinske and Shapiro, 2013; Mignan,
2016; van der Elst et al., 2016;dvian et al., 2017; Broccardo et al., 2017b). Note that it only applies
to the stimulation phase in which the fluids injected are not supposed to be back produced, hence
creating an overpressure field at depthThe validity of the model is illustrataxh Figure9 for some
high-quality induced seismicity dat&Vhile the underground feedback parameteagi.e. the overall
activity for a given volum&/ injected somewhere) ant (i.e. the ratio between small and large
earthquakes) can be estimated during the stimulation (Mignan et al., 2017; Broccardo et al.; 2017b
see next sectiona prioriknowledge on those parameters is limited and the range obiibs values
wide. We list parameter estimates for different sitesTiablel.
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Figure9: Induced seismicity model fitting of six (kighality data) fluid injection experiments. The
observed seismicity rates are represented in grey and the model (i.e., the linear relationship between
stimulation flow rateQsim and seismicity rate) in red.
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Tablel: Underground seismic feedback to deep fluid injection.

Site (country, year) ar b References

Ogachi (JP, 1991) -2.6 0.7 Dinske and Shapiro (2013)
Ogachi (JP, 1993) -3.2 0.8 Dinske and Shapiro (2013)
Soultz (FR, 1993) -2.0 1.4 Dinske and Shapiro (2013)
KTB (DE, 1994) -1.4 0.9 Mignan et al. (2017)
Paradox Valley (US, 1994) 2.4 1.1 Mignan et al. (2017)
Soultz (FR, 1995) -3.8 2.2 Dinske and Shapiro (2013)
Soultz (FR, 1996) -3.1 1.8 Dinske and Shapiro (2013)
Soultz (FR2000) -0.5 11 Dinske and Shapiro (2013)
Cooper Basin (AU, 2003) -0.9 0.8 Dinske and Shapiro (2013)
Basel (CH, 2006) 0.1 1.6 Mignan et al. (2017)

KTB (DE, 20€8) -4.2 1.1 Dinske and Shapiro (2013)
Newberry (US, 2012) -2.8 0.8 Mignan et al. (2017)
Newberry (US, 2014) -1.6 1.0 Mignan et al. (2017)

" ISO code*referred to as seismogenic index in Dinske and Shapiro (2013).

In the preliminary hazard analysi® facilitate standard hazard computationse suggest to convert

the time-variant rate into an equivalent stationary rate, ile. . 1 O7¥4 (where 4 is the total
duration of the project)As a consequencéhe classical Homogeneous Poisson Process (HPP), and the
classicaprobabilistic seismic hazamhalysiSPSHAEanbe used to define the occurrence model of

the induced earthquakes. @ dzaAy3 G(KS LINPLR&SR SYLMANROI f
p T 67 Ycan be defined directly by the total volume of the injection, which is knoypriaxi.

The frequency magnituddistribution, has been provetb follow the classical GuttenberRichter
distribution. However, one of the major source of uncertaiamy debates related to the upper bound
of the (truncated) Guttenbergrichter distribution. The debate is closely rethte theabove reported
dispute betweeninduced versus triggered seismicity. Since the complete information about the
number, location, and stress condition of all active fairitthe area of injection cannot be available
(in particular before the stimutan phase), it is appropriate to consider bath s of induced and
triggered seismicity. Specifically, the first ones are boundddd@ar (1976, 2014upper limit(which
is based on the volume affected by the fluid pressyregile the second oneare bounded by the
tectonicd ). onsequentlycovering irthe logic tree the tectonio is generally @onservative
and strongly recommendable approach ia preliminaryfluid-induced hazard andsk analysisSoll
amplification factors, ufidrm or based on micraonation should be included if available.

In the preliminary assessment, we suggest to uséashe European Macroseismic ScélieMS98,
Grinthal 1998) The advantage of EM8over these'O in a preliminanphaselies in the easier
interpretability of this scale, which is based merely on shaking indicators expressed in terms of damage
and nuisance to the populatioBased on this considerationshen the selected GMPEs are expressed

in terms ofpeak ground accelation, peak ground velocitygr other ground intensity measurtiney

should beconvered into expected intensity by using a Ground Motion to Intensity Conversion
Equation (GMICE) for smatliedium intensitiege.g.Faccioli and CauzZ2006, Faenza and Midlira

2010)

Once the logic tree is completely defined by the rate models, the s, the GMPE & GMICE
combinatiors, the hazard computation is given by classical convolution of all source of uncertainties
for each branch of the defined logic treEhe aitput of analysis are the soamed hazard curves, i.e.
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probability of exceedancef a given intensity measuneormalized toone injection period for each
location of interestTogether with the hazard curvese recommend also to providdazardnaps, for

a given probability of exceedance with respect to the medigiie hazard curvesigurel0shows an
example of hazard map for a probability of exceedarwfe the median hazard curve of

0 00 "QdJY p 1, together with the Hazard curves for a given site of interest. The reference
project is the Hauteésorne Enhanced Geothermal System project.

Preliminary SeismiRiskanalysis

Seismic risk is computed by convolving aetability models for the relevant building typologies with

the exposure model. In a preliminary risk analysis, we recommend to use a vulnerability given in terms
of macroseismic intensity, which follows the macroseismic approach for damage assessnsaft (Bai

et al., 2009; Lagomarsino and Giovinazzi, 2006) and that was modified in Mignan et al., 2015 for the
induced seismicity case. In this approach, the vulnerability is not defined based on detailed mechanical
models; therefore, it is implicitly assumedathmacroseismic and mechanical approaches produce
compatible levels of damage.

The macroseismic model defines the mean damage gtadéQd, as function of a vulnerability index

®, a ductility indexp, anda reduction factor introduced in Mignan et al. (2015) to recalibrate low
damage states to the damage observed in the Basel 2006 sequence. The vulnerability index depends
on the building class and construction specifics, and it includes (Lagomarsino and Giovinazzi, 2006)
probable rangeso @ , as well as less probable ranges @ . In case no information are
available on the vulnerability index range, it is recommendable todis# a preliminary phase.
Moreover, is no datelined information is given on the ductilityerdor the different class of building,

we recommend to us®  ¢&, which is the value for masonry structures and reinforced concrete
structure with no seismic detail$n this phasethis a practical and conservative choice becalise

¢@®is a lower bounaf the possible ranges whlues for the ductility indexEigurellshowsthe fragility
functions obtained bwsing the macroseismic modeith parameterso 1 Tandd ¢&.

Figurel0: a) Hazard map for the region of interest, based on thd\the of the median. Units: EMS
b) Hazard curves for the site of interest. Source: Broccardo et al. 2019 in preparation.
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